ABSTRACT. The integration of local knowledge and science represents an opportunity to enhance the understanding of interrelations among climate, hydrology, and socioeconomic systems while providing mutual benefits to scientists and rural communities. Insight from rural Alaskans helped to identify a social-ecological threshold used to model potential driftwood harvest from the Yukon River. Information from residents of Tanana, Alaska, was combined with scientific data to model driftwood harvest rates. Modeling results estimated that between 1980 and 2010, hydrologic factors alone were responsible for a 29% decrease in the annual wood harvest, which approximately balanced a 23% reduction in wood demand because of a decline in number of households. The community's installation of wood-fired boilers in 2007 created a threshold increase (76%) in wood demand that is not met by driftwood harvest. Modeling analyses of numerous climatic scenarios illustrated that increases in hydrologic variability would decrease the reliability of future driftwood harvest. Economic analyses demonstrated that increased climatic variability could have serious economic consequences for subsistence users while demanding more of their time. Lost time is important because it reduces their availability for performing other subsistence activities and learning to adapt to climate-related challenges. Our research may benefit communities by providing a tool that can be used to predict the timing and duration of driftwood runs. Information gathered from discussions with local stakeholders provided critical information for model development and thus provided a better understanding of regional social-ecological dynamics. Our research also illustrates the potential for regional-scale adaptations to limit the social-ecological impacts of environmental change, while providing economic opportunities and energy independence that reduce their vulnerability to variations in climate.
INTRODUCTION
Residents of Tanana, Alaska, harvest driftwood during flood events on the Yukon River but have suggested that the driftwood harvest has been less reliable in recent decades. A participatory research approach uncovered linkages between climate, regional hydrology, and driftwood harvesting that help us to learn more about the impacts of a changing climate on society, while developing a tool that the community can use to predict the timing of driftwood runs.
Research that bridges the gap between local knowledge and science can provide reciprocal benefits to scientists and local communities (Huntington 2000 , Carmack and Macdonald 2008 , Weatherhead et al. 2010 , Huntington et al. 2011 . Traditional knowledge and local observations have been used in conjunction with scientific methods to gain a better understanding of how rural people rely on physical and natural phenomena (Krupnik and Jolly 2002 , Chapin et al. 2006 , Carmack and Macdonald 2008 , Pearce et al. 2009 , Weatherhead et al. 2010 , Druckenmiller et al. 2013 , Eicken et al. 2014 ). However, a desirable research objective would aim to produce tools or other research products that will also benefit local collaborators (Nadasdy 1999 , Cruikshank 2001 .
Rural Alaskans have witnessed many transformations during their lifetimes (Lovecraft and Eicken 2011, Schneider et al. 2013) , but little of their traditional knowledge related to environmental changes has been recorded, cataloged, or integrated into scientific endeavors. However, local knowledge can complement scientific research by providing social context and illustrating the applicability of research (Berkes 1999 , Cruikshank 2001 , Weatherhead et al. 2010 . Many scientific studies present evidence of changing environmental conditions in northern latitudes (Cullather et al. 2000 , Yang et al. 2004 , Hinzman et al. 2005 , Prowse et al. 2007 ). However, it is less common to develop models based on local or traditional knowledge, although it is not unprecedented , Nicolson et al. 2013 .
Driftwood mobilization in the Yukon River is linked to river hydrology, and changes in discharge dynamics affect the availability of driftwood and the ability of rural Alaskans to harvest it as a resource. There is a trend toward increasing annual and summer discharge from the Yukon River basin because of increased glacial melt runoff, but flows are also affected by weather patterns associated with the Pacific Decadal Oscillation (Brabets et al. 2000, Brabets and Walvoord 2009 ). Conditions in Alaskan rivers are changing, e.g., ice conditions; timing of breakup and freeze-up; or the magnitude, timing, duration, or frequency of flood events (Hinzman et al. 2005 , Walvoord and Striegl 2007 , Brabets and Walvoord 2009 , Ge et al. 2013 , and they are projected to become more variable (ACIA 2005) . Because rivers are integral to the subsistence lifestyles of rural Alaskans throughout the year (Wishart and Murray 2001 , Alix and Koester 2002 , Wheeler and Alix 2004 , changing river character may impact social systems in rural Alaska.
Driftwood has always been very important to communities throughout Alaska (Alix and Koester 2002 , Alix and Brewster 2004 , Wheeler and Alix 2004 , Alix 2005 . In the western portion of the state, there is no large woody vegetation on the landscape, so driftwood has traditionally been the only source of large wood used as a fuel source and in construction. Now, wood for construction and fossil fuels are shipped to remote villages, and http://www.ecologyandsociety.org/vol20/iss1/art25/ fossil fuels have largely replaced wood for heating and power generation. As a heating fuel, oil is very reliable, and its acquisition demands less time than collecting wood. However, fuel oil is significantly more expensive and cannot be locally sourced. Thus, dependence on fossil fuels decreases the community's self-reliance and increases vulnerability to cost fluctuations or supply disturbances because of external factors beyond the community's control.
Increasingly, villages in rural Alaska are trying to lessen their dependence on fossil fuels by converting to biomass fuel sources (Fresco 2006, Fresco and Chapin 2009 ). The switch to biomass, a local and renewable fuel supply, is often driven by economics and a vision of self-reliance but has many other benefits. It strengthens the local economy, creates jobs, retains money locally, reduces fuel costs, and increases self-sufficiency, thereby reducing the village's vulnerability to external factors (Fresco 2006, Fresco and Chapin 2009) . For the small city of Tanana, Alaska, the installation of wood-fired boilers in 2007 increased its annual demand for wood by approximately 76%. If using only wood, the average household in Tanana requires approximately 7 cords (1 cord = 1.2 m x 1.2 m x 2.4 m) of wood annually for home heating (A. Ketzler, T. Hyslop, C. Campbell, and C. Wright, personal communication) , although the number of households has decreased from 113 in 1980 to 100 in 2010 (U.S. Census Bureau 1980 , 2010 . It should be noted that the municipality could use fuel oil if driftwood is not available. Although some households can utilize fuel oil as a backup, not all households have the appropriate infrastructure to burn fuel oil for heating.
The hydrograph for the Yukon River at Stevens Village, 200 km upstream from the city of Tanana (Fig. 1) , shows the typical occurrence of a spring breakup peak in mid-May and a predictable pulse of high water, commonly referred to as the "June rise," that follows weeks later in early June (Fig. 2) . During most summers, large quantities of driftwood are carried by the Yukon River during the two distinct high-flow events. During the spring breakup, driftwood accompanies rafts of river ice during high flows. A few weeks later in early June, the June rise also carries high volumes of driftwood, but the absence of the associated river ice makes the wood more accessible and safer to collect. Driftwood is typically mobilized while the river stage is rising and is deposited when the water levels decrease or when wind or water currents push the wood ashore. While the Yukon River driftwood is mobilized, it is transported downstream. Tanana residents use boats to travel upstream to harvest floating driftwood. Harvesting mobilized driftwood requires the roots to be removed before transporting individual or rafts of logs back to town. The wood is collected for personal use, sold to other Tanana residents, or sold to the village or local tribal government. Its predictable nature, ease of access, and cost-effectiveness make driftwood the preferred wood source for Tanana and other Alaskan communities.
During a community meeting in spring 2011, Tanana residents discussed how river conditions have changed in recent decades. As evidence, they described the flood patterns and associated driftwood runs of 2009 and 2010 as unusual, although not unique. They associated driftwood supply to river hydrology and the challenges inherent in its acquisition. The magnitude of the 2009 Yukon River spring breakup flood was discussed because it illustrates the typical spring breakup flood and the larger "June rise" that occurs soon after spring breakup. The driftwood mobilization threshold is also depicted. Figure based on data from U.S. Geological Survey gauging station for Yukon River at Stevens Village. http://www.ecologyandsociety.org/vol20/iss1/art25/ caused substantial damage in communities along the river, including the community of Tanana. The high water levels, which reportedly washed much of the driftwood from the river, were blamed for a bad driftwood harvest.
Residents also discussed the 2010 driftwood season. In mid-May, spring breakup flooding was normal, but the June rise never materialized. After several weeks, the community became concerned that no driftwood had come downriver. In mid-July, residents' wood stacks were small, berry-picking season had started, and the fishing season was going strong. Even the municipal wood supply was meager. Since the installation of the wood-fired boilers, the local city and tribal governments have purchased 400-1000 cords of driftwood annually from locals (A. Ketzler, personal communication) . According to Ruth Althoff (personal communication), "finally in late-July, the river came up, but there was no wood, and then the river came up higher in midAugust and finally, there came the wood."
In-person interviews, recorded interviews, and a community meeting were conducted in Tanana to reveal that in recent decades, high-flow events that carry driftwood have become less predictable (Schneider et al. 2013) . Variability in flood frequency, magnitude, duration, or timing affect driftwood flows in the river and the ability of Tanana residents to harvest it as a subsistence resource. These types of changes in river hydrology threaten their access to driftwood and require the use of alternative fuels that may be more costly or time intensive. Fuel oil is a readily available, but costly fuel alternative that demands less time relative to the wood options. Standing deadwood comprises dead standing trees harvested by residents in the winter using snowmobiles and sleds. Stranded driftwood is wood previously mobilized by the river and deposited on the riverbank, but accessible only in summer when not frozen in the mud or covered in snow. The source of standing deadwood varies over time, but the typical harvest technique often involves traveling over land and ice with snowmobile and sled to recently burned areas or forest groves that have been killed and maintained as potential wood sources. Stranded driftwood can require extensive effort to harvest and transport to town. Harvesters of stranded driftwood are likely to harvest from stretches of river relatively near Tanana. The advantage of standing deadwood is that it usually has a lower moisture content, but individual logs are typically smaller in diameter.
Because of the participatory process, the concerns of Tanana residents motivated a series of research questions that required incorporating local knowledge into the scientific process. To generate a better understanding of the social-ecological system, five research questions were examined:
1. What are the magnitudes of changes in the timing and frequency of peak flow events?
2.
Are there changes in hydrology that correlate to reported observations regarding the driftwood harvest by Tanana residents?
3. How has the potential driftwood harvest been affected by changes in river hydrology?
4. How might the driftwood harvest be affected by future changes in river hydrology?
5.
What are the estimated costs, i.e., time and financial, associated with changes in the potential driftwood harvest?
METHODS

Study area
Tanana is a small community, with an approximate population of 300 people in 100 households (U.S. Census Bureau 2010), located on the north bank of the Yukon River, 3.3 km downstream from the confluence of the Yukon and Tanana Rivers in the state of Alaska (Fig. 1) . Its economy depends heavily on subsistence activities, i.e., hunting, fishing, and gathering. The positioning of islands in the river ensures that most driftwood from the Tanana River, which enters from the south, is not easily accessible to Tanana residents; therefore, harvested driftwood originates primarily in the Yukon River (C. Wright and C. Campbell, personal communication).
The Yukon River is a glacierized basin, with 59% (508,400 km²) of the catchment area above the Stevens Village gauge. Less than 1% of the catchment above the gauge is glaciated (Brabets et al. 2000) . The hydrology of the Yukon River is dominated by the spring melt and breakup. The spring breakup can be rather violent, which may relate to the physiographic orientation of the watershed. Water in the upper basin flows from south to north and breaks up in warmer southern areas before flowing north where the river ice is still stable. The majority of the summer discharge results from snowmelt, rainfall, and glacial melt (Brabets et al. 2000) .
Local knowledge
After reviewing recorded interviews of six Tanana residents (Schneider et al. 2013 ), a local Tanana resident organized a community meeting, hosted by the University of Alaska Fairbanks, on the subject of changing river conditions in March 2011. Eighteen community residents came to the meeting and shared stories and observations relating to the river. The community meeting was not focused on the harvest or use of driftwood; however, it became apparent that driftwood was an issue of concern for Tanana residents. Follow-up discussions were initiated with the meeting participants who had concerns about the driftwood harvest. Additional interviews were held with residents based on referrals. Follow-up discussions involved semiformal unrecorded interviews during which open-ended questions were asked about flooding, driftwood harvest, driftwood processing, wood use, fuel oil consumption, and related topics. The interview subjects included two individuals who harvest and sell wood locally, three individuals who harvest wood for personal use, and the city manager who championed the installation of the city's wood-fired boilers and developed the incentives program facilitating the purchase and sales of harvested wood. The interviewers did not make an effort to solicit participation based on demographic criteria but sought participation from community members considered local experts on harvesting driftwood or the driftwood economy in the city of Tanana. Follow-up interviews were used to resolve discrepancies between interview subjects. Minor differences between responses were averaged across interviewees to avoid subjective assessment of respondent accuracies. There were no substantive differences between interviewee responses.
Driftwood mobilization threshold
Based on local knowledge and subsistence records, a "driftwood mobilization threshold" was identified. Above this discharge, unlimited driftwood was assumed to be mobilized by the river until the discharge peaks. To develop this threshold value, Ecology and Society 20(1): 25 http://www.ecologyandsociety.org/vol20/iss1/art25/ interview data from 2009 and 2010 (see Introduction) were related to the U.S. Geological Survey (USGS) gauging station data at Stevens Village. Additionally, one longtime Tanana resident kept records of his subsistence activities associated with the driftwood harvest since 1989 (Table 1) . During an informal interview, he shared his driftwood records. The records include the date, the number of logs harvested, and relevant notes. The discharge at Stevens Village 2 days prior to the harvest date, the approximate conveyance period between Stevens Village and Tanana, was analyzed and compared to the interview data associated with the 2010 hydrologic year to validate the concept of a driftwood mobilization threshold. Tanana residents suggested that driftwood from the Tanana River is silt laden and less desirable to use as firewood. In addition, driftwood from the Tanana River typically flows on the far side of islands in the Yukon River near the community. Therefore, only hydrologic data for the Yukon River were analyzed, despite the fact that driftwood in the Tanana River, which is hydrologically influenced by glaciers, would be mobilized independent of the timing of driftwood runs in the Yukon River.
Hydrologic variability
River discharge data were analyzed to determine whether changes in hydrology reported by Tanana residents correspond to records from the USGS Stevens Village gauging station, which is the next gauging station upstream on the Yukon River. Peak annual discharge data were analyzed for the period of record to determine the Log-Pearson Flood Flow Frequency, using the Log-Pearson Flood Flow Frequency from USGS 17B MATLAB extension. The average daily discharge was used to analyze the number of years that small floods, i.e., <1.25-year recurrence interval, were not realized in a given year. The hydrographic record was separated into early (1977-1993) and late (1994-2013) phases based on the analysis of small floods.
For each phase, the first two flood peaks of the year were categorized as associated with the spring breakup, June rise or post-breakup flood peak that exceeds the driftwood mobilization threshold, or other. For each flood peak, the day of year, magnitude, and duration of the rising limb of the hydrograph were determined. The data were summarized for each year of the period of record.
Driftwood harvest model
Interviews and census data were used to develop model parameters ( (1)
Driftwood harvest in a changing climate To understand how an increasingly variable climate may influence Tanana's driftwood harvest, scenarios were developed to examine the potential response of the driftwood harvest to increasing variability in the annual number of driftwood days. Assuming that changes in variability in the 1994-2013 phase represent a directional change from the 1977-1993 phase (ACIA 2005, AMAP 2011), the observed variability was increased by factors of 0, 1, 2, and 3 to assess the impacts of climate variability on the driftwood harvest. Thus, the 1977-1993 data set is referred to as the 0x scenario, the 1994-2013 data set is referenced as the 1x scenario, and the 2x and 3x scenarios are assumed to have double and triple the variability observed between the 0x and 1x scenarios. To assess the variability of the different scenarios, Easyfit (v5.5) was used to perform the Anderson Darling test (p < 0.01) to determine that the distribution of annual driftwood days for the period of record could be best represented by a geometric probability density function (pdf) for discrete data: f (x; q) = q(1 − q) x for x ≥ 0, q = 0.11859. The early (1977-1993) and late (1994-2013) phase data sets were then fit to geometric distributions: q 0x = 0.11258 and q 1x = 0.12422, respectively. Assuming the 1977-1993 distribution as a benchmark, i.e., 0x scenario with q 0x and variance (σ²) of 70.02 (σ² = [1 − q]/q²), the difference between σ² of the 0x and 1x scenarios was multiplied by 0, 1, 2, and 3 and added to the benchmark to derive the desired http://www.ecologyandsociety.org/vol20/iss1/art25/ variance of geometric pdfs for each scenario. The value of q was determined to provide the desired pdf, i.e., q 0x = 0.11258, q 1x = 0.12422, q 2x = 0.14058, and q 3x = 0.16610, from which 1000 random points were generated to define the 0x-3x scenarios. These data represent the annual number of driftwood days for each scenario, which were used as input in the driftwood harvest model. The model output estimates the annual harvest and deficit based on annual driftwood days, while considering the increased demand for fuel wood since 2007 and the installation of additional wood-fired boilers in 2013, increasing demand by an estimated 98 cords of wood annually.
Economic analyses
The costs, i.e., financial and time, associated with the harvest and use of substitute fuels were assessed when insufficient driftwood was harvested to meet the city's needs. Costs were estimated using a linear activity analysis model using fixed-input parameters based on interviews. The percentage of each fuel type used to meet the city's total wood deficit was modified for each assessment. Five assessments were modeled based on the approximate 1994-2013 deficit. During that time, the driftwood harvest model estimated an average deficit of 903 cords annually. Each assessment calculates the costs associated with using alternate fuels for the deficit. The costs are calculated for the following situations to meet the deficit: harvesting driftwood, mobilized by the river, if it was available; harvesting stranded driftwood from riverbanks; collecting standing deadwood as the wood substitute; using only fuel oil; and using a mix of alternative fuels for the driftwood deficit, i.e., 25% stranded driftwood, 25% standing deadwood, and 50% fuel oil. The full activity analysis model is described in Appendix 1 and estimates the temporal and financial costs associated with each situation.
RESULTS
Hydrologic variability
The magnitudes of flood recurrence intervals were determined for the Yukon River at Stevens Village for the period of record and separately for the early and late phases of the record (Table   3) . From 1977 to 1993, the annual peak discharge failed to exceed the 1.25-year flood event (11,000 m³/s [cms]) in only 1 out of 17 years (5% of the years), but from 1994 to 2013, this threshold was not reached in 25% of the years (5 out of 20 years). A one-tailed Student t test assuming unequal variance verifies that the peak annual discharge is significantly different (p < 0.05) between phases. There was no significant difference between the dates of the spring breakup peak between the early or late phases. Additionally, the median date of the secondary flood peak that exceeds the driftwood mobilization threshold is similar between the two periods. However, the variability for the recent period after 1993 (standard deviation [SD] = 25 days) is much greater than the period prior (SD = 7 days).
Local knowledge and driftwood mobilization threshold
According to Mrs. Althoff (personal communication), in August 2010, the river exceeded flows of the previous 2 months and carried driftwood with it. This information was used in conjunction with USGS discharge data to determine that a flow at Stevens Village between 8800 and 10,500 cms mobilized large Ecology and Society 20(1): 25 http://www.ecologyandsociety.org/vol20/iss1/art25/ amounts of driftwood. Mr. Hyslop's subsistence records (Table  1) were also analyzed in conjunction with USGS river discharge data. Two days, i.e., the approximate conveyance time of flow between Stevens Village and Tanana, before the date Mr. Hyslop caught driftwood in any given year, the discharge at Stevens Village averaged 10,000 cms (SD = 2100 cms), which is between the upper and lower threshold estimates derived from Mrs. Althoff's story regarding the 2010 driftwood season. Both analyses support the concept of a driftwood mobilization threshold at a discharge of 10,000 cms (Fig. 2) . Above this discharge, unlimited driftwood is assumed to be mobilized by the river until the discharge peaks.
Residents also suggest that the driftwood harvest runs have become shorter. One resident stated that residents may have just 1-3 days to harvest driftwood, whereas historically the driftwood run lasted 4-5 days (Schneider et al. 2013 ). Figure 3 illustrates that the modeled driftwood harvest for Tanana was more variable in most years since 1993, while extremes did occur in the earlier phase. According to the model, variations in river hydrology combined with increased municipal demand and decreased cumulative household demand result in an increasing annual wood deficit for Tanana (Fig. 4) . Although modeling predicts that it has been always been necessary to supplement the driftwood harvest, 44% of wood demand was met with only mobilized driftwood from 1977 to 1993. Between 1994 and 2006, prior to installation of municipal wood-fired boilers, 42% of wood demand was met with mobilized driftwood. After 2000, a smaller number of households in the city, i.e., a decrease from 113 to 100 households, reduced the wood demand by 23%, although the installation of the city's wood-fired boilers in 2007 subsequently increased demand by 76%. Therefore, after 2007, the average harvest was only 21% of city's total wood demand. Thus, despite an average decrease in the modeled annual harvest of 29% because of hydrologic factors alone, the average wood deficit (730 cords) after 2007 was 90% greater than before 1993 and was 140% higher than the period between 1994 and 2006 (Fig. 4) . Fig. 4 . The estimated driftwood deficit for Tanana illustrates that the increased demand for wood after 2007 had a large impact on the amount of wood available in the village.
Driftwood harvest model
Driftwood harvest in a changing climate
With increasing variance in the exponential distribution of driftwood days, there were more years with no driftwood days (Fig. 5) ; thus, the median number of driftwood days decreased (Table 4) . Similarly, the median driftwood harvest is modeled to become smaller. Thus, in scenarios with more variability, the median deficit is projected to become greater (Table 4) . 
Economic analyses
There is an inverse relationship between the economic costs and time investment for the use of each alternative fuel type to meet the energy needs associated with the average modeled driftwood deficit from 1994 to 2013 (Fig. 6 ). The harvest of standing deadwood is modeled to require the least amount of money, but additional time compared to driftwood. The use of only fuel oil saves a substantial amount of time over all wood options, i.e., 9000-15,000 hours annually, but there are substantial costs associated with fuel oil, i.e., approximately $533,000 for the whole community. Results illustrated that a mix of alternative fuels, i.e., fuel equivalent of the modeled wood deficit substituted with 25% stranded driftwood, 25% standing deadwood, and 50% fuel oil, balances the monetary and temporal costs of each alternative. In addition, based on the economics model, the time associated with the harvest of driftwood equates to a value of US$36.00 to US$59.00 per hour.
DISCUSSION
Local knowledge
Our research originated from a public meeting where residents of Tanana reported that the driftwood harvest had become less reliable in recent decades. They discussed how they typically harvested driftwood during the June rise, a relatively predictable rise in the hydrograph in early June, but the June rise was not occurring with the same regularity to which they were accustomed. Our results support this observation by showing that the timing of flood peaks not associated with spring breakup, yet sufficient to mobilize driftwood, has become more variable since 1994. There is some evidence that June rise events are initiated by precipitation events in portions of the upper watershed. Interviewees also suggest this linkage, but additional research on the subject may provide insight into the drivers of the June rise.
Driftwood mobilization threshold
Through the participatory research process, it was determined that once the river stage exceeds a driftwood mobilization threshold, driftwood becomes readily available for harvest. This is an illustration of how different types of knowledge, i.e., scientific data and local knowledge, may be integrated to study a phenomenon. In this case, the context of the information was related to river hydrology to identify a "driftwood mobilization threshold," a level of river discharge that once exceeded mobilizes driftwood until the river discharge peaks. The concept of a driftwood mobilization threshold was used as a simple representation of a complex system to develop a driftwood harvest model. The concept has limitations in its applicability because an increasing demand for wood eventually results in limitations in the available driftwood supply for downstream villages. Conversely, if upstream villages start using more wood, the wood available in Tanana could be reduced. Driftwood is differentially distributed in space and time throughout the river. Despite these limitations, increasing amounts of driftwood are mobilized as the river discharge increases during the spring melt. Initially, the amount of mobilized driftwood rises with increasing discharge, with the amount of mobilized wood leveling off as the river reaches the flood stage and spills onto the floodplain. Additionally, driftwood is deposited on riverbanks at river bends, during periods of high wind, and as water levels fall. Storm intensity, flood history, and fire history in the watershed also affect the bank erosion and the associated wood deposition into the river channel ( . http://www.ecologyandsociety.org/vol20/iss1/art25/ It would be worthwhile to examine relationships between high flows, bank erosion, and the deposition of wood into the river channel. Typically, episodic erosion of the riverbank occurs during high river stages (Yarie et al. 1998 ) and causes wood to fall into the channel (Ott 2000 , Ott et al. 2001 . Areas where the vegetative armoring is compromised, such as areas of recent forest fires, are more prone to bank erosion and the associated deposition of wood into the channel (Ott 2000 , Ott et al. 2001 ). An analysis of the movement and life cycles of driftwood in the Yukon River watershed would provide valuable information about its ecology and social-ecological importance in the Yukon. Such analyses may inform the state of Alaska and villages along the Yukon River about the sustainable harvest capacity of driftwood from the Yukon River watershed, which may become an issue if more communities increase their harvest of driftwood.
When the community of Tanana installed its wood-fired boilers in 2007, the fuel wood demand increased by 76% and raised the community fuel wood deficit (Fig. 4) . Because hydrologic factors were responsible for a 29% decrease in the driftwood harvest and the decreased number of households reduced wood demand by 23%, the model indicates that the increased municipal demand for wood had a much greater effect on the total wood consumption compared to changes in hydrology or population.
The number of days that the river exceeds the driftwood mobilization threshold is greater than the number of days that locals suggest that driftwood is available in a given year. According to the model, the mean number of annual driftwood days was 7.4 days since 1977 and was not different between the early and late phases of the study period. Local residents suggest that the number of driftwood days has decreased from 4-5 to 1-3 in recent decades. This discrepancy may be founded in either the use of local knowledge or the concept of a driftwood mobilization threshold. It is likely a combination of both.
Driftwood harvest in a changing climate
The model corroborates local reports of a less reliable driftwood harvest in recent decades. According to interviews about the potential rates of wood harvest and the number of households harvesting driftwood, historically Tanana needed an estimated 23 driftwood days to harvest its annual wood demand, whereas since 2007 an estimated 35 driftwood days are needed annually. Historically, Tanana could expect to meet 8-35% of its heating fuel needs using driftwood. Since 2007, the average modeled harvest would meet 15% of Tanana's wood requirements, and the city could reasonably expect to obtain between 7% and 31% of its wood demand from driftwood in most years.
Modeling results suggest that increased hydrologic variability may make the ability to harvest driftwood less predictable, and variations in the timing of flood events may become more inconvenient for rural Alaskans. Adaptations to these changing conditions include importing wood from other regions, which is not unprecedented, or enabling more Tanana residents to harvest wood when driftwood is mobilized. This might include providing financial loans to households to purchase or repair boats, recruiting more wood harvesters, and long-term wood storage. Another option includes gathering wood during the spring breakup, which is a far more dangerous activity. In some cases, Tanana residents have resorted to navigating through the ice and driftwood in search of good pieces of driftwood. This also requires more forethought because boats must be prepared at times when they are preoccupied with winter or other spring subsistence activities.
Driftwood economics
The economic analysis illustrates the potential reasons that one fuel source may be selected over another. Although modeling analyses indicate that the collection of standing deadwood is the cheapest option, these results will vary based on the actual location from which wood is collected. Additionally, modeling results do not take into account wear-related expenses on snow machines or boat motors. There is an inverse relationship between the times required to use different wood sources compared to fuel oil (Fig. 6) . In a subsistence-based economy, it is assumed that most households would have a greater ability to use time resources over cash resources because of the limited availability of cash. Certain individuals in a village have jobs or other sources of a cash income. In these cases, it is assumed that there would be less flexibility to use time for subsistence activities, but cash resources may be substituted to obtain the necessary fuel supplies to be prepared for a winter in Alaska. In the case of Tanana, the city government and individual households use cash resources to purchase fuel oil or wood, depending on their needs. The economic analysis was performed at the community level, so differences in household or collective behaviors between households were not considered. Thus, the costs for the entire community were assessed over time.
Model uncertainty
There is uncertainty associated with each component of the model. The concept of a driftwood mobilization threshold is not a static entity, and at no point is there actually an unlimited amount of wood mobilized in the river. As mentioned previously, it is a useful assumption that assists in the study of a complex social-ecological system and during driftwood mobilization events, and it is reasonable that the driftwood supply far exceeds the demand by Tanana residents. However, the installation of wood-fired boilers is an increasing trend in remote Alaskan communities, so this assumption may become invalid if the demand for Yukon River driftwood continues to increase along the Yukon River. In time it may become necessary to allocate the driftwood resources by village to ensure that downriver needs are also met (Annear et al. 2004 ).
The driftwood mobilization threshold could be refined to represent the mobilization of driftwood more dynamically during high-flow or wind events. An assessment of the average village and household effort to collect driftwood would also be reasonable. Village and household demand is relatively predictable and could be modeled annually based on the local winter weather. Each input parameter in the economic model adds uncertainty to the model, but a reasonable effort was used to provide the best available estimates for each. Estimated fuel costs will change over time and could be updated or modeled. Wood deposition into the river could also be modeled in relation to permafrost thaw, bank erosion, or fire frequency.
Model application
By monitoring the USGS gauging station at Stevens Village, Tanana residents could utilize the driftwood mobilization threshold (Fig. 2) to gain lead time on driftwood runs, thus providing more predictability to an erratic system. Such tools Ecology and Society 20(1): 25 http://www.ecologyandsociety.org/vol20/iss1/art25/ would be useful for preparing for the driftwood harvest. The model cannot provide advance notification of driftwood flows, but it could use the driftwood mobilization threshold to infer that a driftwood run is not likely over the next few days. In some cases, the upstream social network informs Tanana residents about approaching driftwood runs, but more often, they rely only on their knowledge of the annual subsistence cycle.
CONCLUSIONS
The general principles illustrated by our research are applicable to river communities throughout the sub-Arctic, although glacially fed rivers have different hydrologic patterns. Driftwood is mobilized periodically during high-flow events. Subsistence users may or may not gather driftwood as a natural resource, but they likely follow similar subsistence cycles specific to their community.
The livelihood of Alaskan subsistence users is driven by subsistence cycles and is made more challenging by irregular environmental conditions. Increasing variability in climate cycles has serious consequences, which affect them financially and make them unavailable for other subsistence, cultural, or recreational activities. Tools that reduce the uncertainty associated with environmental variability are especially helpful for people who rely on natural and seasonal cycles. Our research demonstrates that scientists, in partnership with local stakeholders, have the capacity to develop these types of tools and suggests that regionalscale adaptations may help mitigate the impacts of climatic variability, while providing economic opportunities and energy independence in ways that increase stakeholders' adaptive capacity to environmental change.
Responses to this article can be read online at: http://www.ecologyandsociety.org/issues/responses. php/7235
APPENDIX 1 DRIFTWOOD ECONOMICS MODEL
Appendix 1 provides details about the economics model and analyses presented in the paper above. Table A1 .1 defines the parameters used to estimate costs and identifies the source for the parameterization. The fuel equivalent (Dfuel) of each substitute fuel type used to meet any wood deficit (Defannual) was estimated based on specified proportions of each potential fuel type used as a driftwood substitute (%fuel) in the entire village (Eqn. A1.1). The potential substitute fuel types include stranded driftwood, standing deadwood, and fuel oil.
Eqn. A1.1 Fuel = stranded wood, standing wood, or fuel oil
The number of trips (Tripfuel) needed to gather sufficient stranded or standing wood to meet the Dfuel) for that fuel type were estimated from the amount of the fuel (Hfuel) that could be harvest on each trip (Eqn. A1.2). The financial costs (Costfuel) associated with the number of trips were also calculated. We used the number of trips, the mean travel distance ( ), estimated miles traveled per gallon of gasoline ( ), and the unit cost of gasoline ( )]. From this we subtracted the cost to harvest and process the equivalent amount of mobilized driftwood [based upon the villages annual driftwood deficit ( ), the boats fuel consumption rate ( ]), the unit cost of gas, and the harvest rate for driftwood ( )] (Eqn. A1.3).
Eqn. A1.2 Fuel = stranded or standing wood Eqn. A1.3 Fuel = stranded or standing wood
The amount of time required to collect and process (cut, split, and stack) sufficient wood ( ) to meet the village needs were calculated from number of trips, estimated time per trip ( ), number of people per trip ( ), village demand for that fuel type, estimated time for processing ( ), and estimated number of people involved in processing ( )]. From this we subtracted the estimated time to collect and process the equivalent amount of mobilized driftwood [calculated from estimates of driftwood harvest rate ( ), time required for harvesting driftwood ( ), and the number of people involved in the harvest of driftwood ( )] (Eqn. A1.4).
